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1Non-unit protection of HVDC grids with inductive
dc cable termination
Willem Leterme, Graduate Student Member, IEEE, Jef Beerten, Member, IEEE, and Dirk Van Hertem, Se-
nior Member, IEEE
Abstract—This paper deals with non-unit protection of HVDC
grids by proposing a set of parameters that characterizes the
open protection zones together with an efficient method to deter-
mine the thresholds on these parameters. Selective HVDC grid
protection schemes must detect and discriminate faults within the
first milliseconds of the fault transient and consequently differ
considerably from existing ac protection schemes. Due to the
accompanying speed requirement, primary protection is expected
to be based on open protection zones as communication delay
impedes fast operation. In the paper, the principles of the non-
unit protection scheme are developed based on reflection of a
traveling wave at an inductive termination. Next, the method
to obtain the protection scheme thresholds is elaborated. The
method accurately calculates the thresholds for HVDC grids with
an arbitrary topology. A sensitivity analysis of these thresholds
towards grid and fault parameters demonstrates the applicability
of the proposed protection scheme in cable-based HVDC grids
with inductive cable termination. The results obtained with
the reduced grid model are validated by comparison against
simulations using a detailed model implemented in PSCAD.
Index Terms—HVDC grid, non-unit protection, open protec-
tion zone, power system fault, power system protection, VSC
HVDC
I. INTRODUCTION
VOLTAGE Source Converter High Voltage Direct Current(VSC HVDC) enables transport of bulk power over long
distances. Moreover, it is the most economically viable option
to connect remote offshore wind farms to the mainland ac
grid. In light of these developments meshed HVDC grids
gain increased attention because of higher reliability of power
transfer [1], [2]. A key factor for the reliability of such a grid
is a protection system that minimizes the impact of faults and
ensures safe operation at all time [3].
A large scale meshed HVDC grid requires selective pro-
tection at the dc side using fast dc breakers. For selective
HVDC grid protection, the dc breakers divide the HVDC grid
into protection zones, similar to current ac grid protection [4].
In case of a dc fault, only the zone containing the fault is
isolated, which limits the impact of the fault on the HVDC
grid [5]. Alternative options for HVDC grid protection make
use of converter ac breakers or converters with fault blocking
W. Leterme, J. Beerten, and D. Van Hertem are with KU Leuven, Belgium
(EnergyVille/Electa research group, Electrical Engineering Department ESAT,
Kasteelpark Arenberg 10 (PB2445), 3001 Heverlee).
The work of W. Leterme and J. Beerten is supported by a research grant
of the Research Foundation-Flanders (FWO).
Contact: willem.leterme@esat.kuleuven.be, jef.beerten@esat.kuleuven.be,
dirk.vanhertem@esat.kuleuven.be
capability to interrupt the dc fault current, after which dc
disconnectors isolate the fault in the HVDC grid [6]. However,
these protection methods cause extended outage of the full
HVDC grid for dc faults, which confines their applicability to
small systems.
The most stringent requirement for a selective dc protection
system is speed of operation, with fault clearing times typically
in the order of several milliseconds [7]. This is due to the dc
fault current characteristics, which show a high rate of rise
and large steady-state value [8]. The fault must therefore be
cleared in a timely manner to avoid damage to the sensitive
power electronic equipment and to keep the fault current below
the maximal interruptible current of dc breakers. Inductors in
series with the breakers are needed to extend the time for
fault clearing, however the timeframe remains within several
milliseconds [9]. Hence, fast primary protection for the HVDC
grid is likely to be based on nonpilot protection with open
protection zones [10]. Communication delay restricts the use
of pilot protection to backup protection or high impedance
faults, where time constraints are less stringent [11].
Because of the required speed of operation, fault detection
and discrimination must occur during the transient phase of
the dc fault. Consequently, HVDC grid protection differs con-
siderably from ac grid protection, which uses the fundamental
frequency component of the fault current and voltage [12]. On
the contrary, the transient phase of the fault is characterized
by traveling wave behavior [13]. Dc line protection based
on traveling waves is already applied for point-to-point line
commutated converters (LCC) HVDC, where undervoltage
and voltage and current derivative are used to detect low
impedance dc line faults [14], [15].
Preferably, power system protection settings are insensitive
to changes in system conditions, which is the case for distance
protection in ac systems [4]. This insensitivity is a main
challenge for new HVDC grid protection schemes, due to the
uncertainty of various parameters. First, the HVDC grid topol-
ogy is not yet determined and furthermore can change during
normal operation [16]. Second, the inductors in series with the
breakers largely influence fault behavior in the millisecond
scale. The size of these inductors is mainly determined by
constraints imposed by power electronics, and can change with
HVDC grid development [17]. Therefore, these uncertainties
must be incorporated in the design of a new HVDC grid
protection scheme to ensure general applicability.
In the literature, several protection schemes for meshed
HVDC grids have been proposed. In earlier works, these
2schemes are mainly using the current magnitude and its
derivative, due to large fault currents supplied by dc capacitors
of two-level converters [18], [19]. These schemes thus assume
dc capacitors at each terminal that allow to divide the grid
into different protection zones. However, this assumption is
not valid for HVDC grids with modular multilevel convert-
ers (MMCs), where dc capacitors are distributed within the
submodules. The discharge of the submodule capacitors is
limited by the arm reactors and can be stopped by blocking
the converter IGBTs [20]. Furthermore, the dc breakers’ series
inductors limit the applicability of these earlier schemes in
future HVDC grids. Protection schemes that use series reactors
to split the grid into different zones have been proposed.
In [21], the protection scheme makes use of wavelet transform
of voltage magnitude and voltage and current derivative. The
voltage derivative criterion has been used in [22] as a backup
for a current differential protection scheme. However, both
papers use extensive time domain simulations to determine
the protection thresholds for only a specific small scale test
system. A generalized method for determining protection
thresholds in large scale HVDC grids is still missing.
In this paper, a non-unit protection scheme for selective
HVDC grid protection is developed. First, the paper proposes
a set of parameters that characterizes the open protection
zones. The non-unit protection scheme makes use of inductive
termination of the cables to divide the grid into different
zones. Second, a method to determine the thresholds on these
parameters is provided. This method makes use of a reduced
HVDC grid model, which enables efficient calculation for
large scale HVDC grids with an arbitrary topology while
maintaining high accuracy Third, the validity of the proposed
protection scheme in a dynamic and continuously evolving
HVDC grid is analyzed. This is done by a sensitivity analysis
of the protection thresholds for various parameters such as grid
topology, cable length and series inductor size.
The paper is structured as follows: Section II provides an
overview of the HVDC grid transient phenomena and traveling
waves on which the non-unit protection scheme must act.
Section III presents the protection principles on which the
non-unit protection scheme is based. Section IV introduces the
reduced grid model for determining the protection thresholds
and provides a discussion on the results of the sensitivity
analysis. In Section V, a case study in PSCAD is performed to
demonstrate the validity of the protection thresholds obtained
by the reduced grid model.
II. DC FAULT TRANSIENT PHENOMENA
Due to the limited time available for fault clearing, fault
detection and discrimination must occur during the dc fault
transient. This is illustrated by Fig. 1a, which shows a part of
an HVDC grid with dc cables terminated by inductors at each
end. A relay and breaker at location R are shown for the dc
cable in the middle. For non-unit protection, this relay must
discriminate internal faults (F1) from external faults (F2, F3)
using local measurements.
After a fault, the voltage and current measured at the cable
termination can initially be described by traveling waves. This
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Fig. 1. Faults on a DC cable within a grid and lattice diagram for fault F1
or F2 (a) and protection zones for relay R (b).
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Fig. 2. Voltage and current for fault wave reflected at inductive terminal
(solid line: F1, Rf = 0 Ω, dashed line: F1, Rf = Zc/2, dotted line: F2,
Rf = 0 Ω).
is visualized for faults F1 or F2 by the Bewley lattice diagram
shown in Fig. 1a. The wave created at the fault location travels
to the cable termination, where it is partly reflected back to
the fault location and partly transmitted to the rest of the grid.
In course of time, reflected waves from other terminals in the
network are superposed. For the reflection of the first incident
wave from faults F1 and F2, the voltage and current measured
at R, respectively UR and IR, can be described as follows:
UR = (1 + Γ) ·A · Ufault, (1)
IR = (1 − Γ) ·A · Ifault, (2)
where Γ is the reflection coefficient, determined by the
cable characteristic impedance and the cable termination
impedance [13], A represents the wave propagation over the
cable, determined by cable parameters and cable length [23],
and Ufault and Ifault are the voltage and current wave on the
cable at the location of the fault, determined by fault location
and impedance. The reflection of the first incident wave is thus
determined only by the faulted cable characteristics and local
cable termination impedance.
1) Voltage and current wave at the fault location: Ufault
or Ifault are the only variables in (1) and (2) that distinguish
forward faults at the end of the cable, F1, from faults behind
the series inductor, F2. The worst case for discriminating both
faults is a high resistance fault at F1 and a solid fault at F2. To
simplify the analysis at this stage, the fault F1 is considered to
occur before the cable end. If a fault occurs, the voltage at the
fault location changes from the pre-fault voltage, U0 to zero.
3This voltage change, −U0, is divided over the fault resistance
and the cable according to
Ufault,F1 =
Zc/2
Rf + Zc/2
(−U0), (3)
in which Rf is the fault resistance and the factor 1/2 accounts
for the fact that the fault resistance is in series with the cable
impedances at both sides. For a solid fault at F2, a similar
relationship is found between the pre-fault voltage U0 and the
voltage wave at the cable Ufault,F2. In this case, the voltage
change -U0 at the fault location is divided over the cable and
the inductor:
Ufault,F2 =
Zc
sL+ Zc
(−U0), (4)
in which L is the inductor value and Zc is the characteristic
impedance. The difference between (3) and (4) lies in the
pole caused by the series inductor L. The inductor filters out
high frequencies of Ufault,F2, whereas the fault resistance Rf
provides an overall damping of the amplitude of Ufault,F1.
2) Reflection at an inductive termination: The reflection
coefficient Γ relates the reflected wave to the incident wave.
For a purely inductive cable termination, considering a solid
fault on a lossless line, the time domain counterparts of (1)
and (2) are given by [24]:
iR =2(1 − e−t/(L/Zc))ifault
uR =2e
−t/(L/Zc)ufault,
(5)
where ufault is the amplitude of the incident voltage wave and
ifault = ufault/Zc. For a lossless cable, the voltage measured at
the terminal uR is at t = 0 twice the incident voltage wave.
The current iR is at t = 0 zero, whereas it increases with a
time constant defined by the ratio L/Zc.
Fig. 2 shows the reflection of the first incident voltage and
current wave at relay R for faults F1 (0 and Zc/2 Ω) and F2 (0
Ω). The cable is assumed to be lossless, which leads to a steep
crest in the voltage for faults at location F1. The difference
between faults F1 and F2 can be clearly seen, as the voltage
derivative of F2 is much lower in magnitude.
III. NON-UNIT PROTECTION SCHEME
This section develops the principles for the non-unit pro-
tection scheme. The protection scheme follows a two-stage
approach. In the first stage, the protection algorithm is started
by fault detection. Thereafter, the faulted zone is located
by fault discrimination in the second stage [11]. Section IV
provides the method for determining the protection thresholds
and the visualization of the protection zones.
A. Protection zones
Fig. 1b shows the first and second zone for the proposed
non-unit protection scheme. The first zone or zone of primary
protection is bounded by the series inductors terminating the
protected cable. The second zone, for which the relay must
provide backup protection, covers the first zone and parts of
the surrounding cables. The aim of this paper is to provide
protection principles to discriminate between first and second
zone. The boundaries of the second zone are not considered.
B. Fault detection
The protective algorithm is initiated by a starting function
that is used to detect dc side faults. Beside the required speed
of operation, the main requirement for the starting function
is dependability as the protective algorithm must be initiated
for every possible fault (i.e. for faults in the first as well as
the second zone). Fundamentally, faults are characterized by
a decreasing voltage and an increasing current magnitude. As
discussed in Section II, the voltage wave is largely reflected
by series inductors, whereas the current only increases slowly
(Fig. 2). Therefore, faults can be detected swiftly by using an
undervoltage criterion to discriminate normal operation from
faults:
UR < U<,s. (5)
In (6), the threshold U<,s must be set to discriminate between
faults and normal operation. The time for fault detection tdet
depends on the voltage derivative. First zone faults (F1) are
detected faster than second zone faults (F2), as the voltage
drop for second zone faults is slower (Fig. 2).
C. Fault discrimination
In the second stage the protection zone in which a fault
occurs must be identified to guarantee selective tripping.
Security is important in this stage because a breaker must only
be tripped instantly for faults occuring in the first zone.
Considering Figs. 1a and 2, the discrimination of forward
faults F1 and F2 is most clear in the voltage. As indicated
in Section II, the difference between both faults is in the
high frequency region. For the transient of fault F1, high
frequencies are present but equally attenuated by the fault
resistance. For the fault transient of F2 high frequencies are
filtered out due to the inductor. Therefore, the first proposed
criterion to discriminate forward faults F1 and F2 is based on
voltage derivative.
Basing fault discrimination purely on the voltage derivative
criterion is not secure due to interference of measurement
errors and noise. Moreover, considering digital sampling, the
number of samples which show a high voltage derivative is
limited especially for close faults that are only slightly attenu-
ated by the cable. To overcome this problem, an undervoltage
criterion is proposed. The undervoltage criterion is achieved
by monitoring the voltage after a defined period of time
tdiscr after fault detection. This criterion must be considered
independently from the voltage derivative criterion, as both
criteria are possibly not satisfied at the same time (e.g. as in
Fig. 2).
The voltage does not contain information on the direction
of the fault and accordingly does not allow to discriminate
forward and backward faults. Therefore, the current derivative
is additionally used to discriminate between forward and
backward faults. The sign of the current derivative determines
the fault direction; a positive or negative sign indicates a
forward or backward fault respectively. The first and second
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Fig. 3. Reduced grid model to evaluate the fault transient for faults F1 and F2.
zone can now be defined using both voltage and current
criteria:
First zone

dUR
dt <
(
dU
dt
)
<,1
UR,tdiscr < U<,1
dIR
dt > 0
,
Second zone
{
dUR
dt >
(
dU
dt
)
<,1
U<,1 < UR,tdiscr < U<,s
.
(6)
The total time for the protection algorithm consists of the
fault detection time tdet and the fault discrimination time
tdiscr. The fault discrimination time tdiscr must be fixed to a
small value as also for second zone faults the voltage keeps
decreasing in time (Fig. 2).
IV. PROTECTION THRESHOLDS
This section deals with the determination of the protection
thresholds for the principles proposed in the previous section.
For this purpose, a reduced grid model is first developed. The
reduced model can be used for fault analysis and determination
of the thresholds of (7). At last, a sensitivity analysis on these
thresholds is performed.
A. Reduced grid model
The focus of the reduced grid model lies on fault detection
and discrimination, thus it needs to be accurate for the first
milliseconds of the fault transient. The model is described in
the Laplace domain, after which an inverse Laplace transform
can be performed to obtain a time domain response.
1) Cable model: The cables are modeled by a frequency-
dependent distributed parameters model to incorporate travel-
ing wave effects, as shown in Fig. 3(II) [25]. The propagation
of waves on cables is described by two parameters; the
propagation constant γ and the characteristic impedance Zc.
The voltage source Bi relates cable end i to the other j [26]:
Bi = AFj = e
−γlFj , (7)
where Fj is the forward voltage wave at end j and l is the
length of the cable section. A reflects the voltage transfer from
one end to the other, which is characterized by attenuation and
a time delay. If this time delay is larger than the timeframe of
interest, the voltage sources become short circuits.
By fitting the parameters A and Zc using rational functions
in the frequency domain, a linearized cable model is obtained.
In this paper, these parameters are obtained via the PSCAD
cable constants routine which makes use of Vector Fitting and
dc correction techniques [27–30].
2) Converter model: The converter topology considered
in this study is the modular multilevel converter (MMC).
The converter fault contribution can be split into a capacitive
discharge phase and an AC infeed phase. As only the first mil-
liseconds are of interest for the protection algorithm, only the
capacitive discharge phase of the converter fault contribution
must be taken into account. The discharge of the submodule
capacitors can be approximated by an equivalent capacitance
that represents the total capacitance of all inserted submodules
at the moment of the fault. This capacitance is in series with
an equivalent inductance and resistance, which represent the
arm reactors and the resistance of the power electronics. The
parameters of this equivalent RLC-model are readily derivable
from the converter topology, as discussed in greater detail for
the half-bridge MMC in [31]. Following this approach, the
converter is modeled by an impedance Zconv:
Zconv = Rconv + sLconv +
1
sCconv
, (8)
in which Rconv, Lconv and Cconv are the converter equivalent
resistance, inductance and capacitance in the RLC-model.
3) Grid Model: Fig. 3 shows the resulting reduced grid
model to simulate the transient phase for faults in a HVDC
grid. The cable covered by the relay R (II) is terminated by
inductors at each side, whereas the measurements IR and UR
are at the cable side of the inductor. At each termination, a
converter is modeled by its equivalent impedance Zconv. The
cables connected to the remainder of the grid (I and III) are
modeled by the characteristic impedance Zc in series with an
inductor L. This assumes that traveling waves reflected by
remote terminals only impact the fault transient outside the
time frame of interest. For cable systems, this is a reasonable
assumption as propagation speeds are approximately half the
speed of light. The model is thus valid for cable lengths as
short as 75 km if only the first millisecond of the transient is
used for fault detection and discrimination.
The cables are assumed to have the same characteristic
impedance Zc. Therefore, the other cables departing from the
terminals adjacent to the faulted cable can be modeled as one
parallel equivalent branch, with an impedance n or m times
smaller. It should be noted that when there are no other cables
departing to the rest of the grid (n or m equal to zero), parts
I and II in Fig. 3 should be omitted.
5In this form, the grid model is directly applicable for the
analysis of pole-to-ground faults in an asymmetric monopolar
system or bipolar system, considering solid grounding at
each terminal. The analysis using this grid model can be
extrapolated to pole-to-pole faults in a symmetric monopolar
system, considering appropriate adaptation of the pole-to-
ground voltages and impedances to their pole-to-pole equiv-
alents. To study different grounding schemes in asymmetric
monopolar or bipolar systems [32], the grounding impedance
and metallic return cable should be included in the model.
These impedances would appear in series with the converter
impedance.
4) Time domain response: As all components in the re-
duced grid model are linear, the model can be described in
the Laplace domain. To obtain a time domain response after
a fault, the transfer function of the voltage and current at the
fault location to the relay location is first derived from the
model. Subsequently, a step input with magnitude −U0 is
applied at the fault location. The inverse Laplace transform
of the resulting system leads to the time demain response at
relay R. The simulations have been performed in Matlab.
B. Determination of thresholds
Fig. 4 shows the locus of the voltage and voltage derivative
of the voltage UR for faults F1 and F2. This figure is obtained
using the model depicted in Fig. 3 and the parameters enlisted
in Tables I and II. For this case, the system configuration is
asymmetric monopolar with pole-to-ground voltage 320 kV.
The faults F1 and F2 are pole-to-ground faults. The fault F1
has a resistance of 10 Ω, which is approximately Zc/2. Fig. 4
thus depicts similar waveforms as Fig. 2, but now also includes
cable attenuation. The cable attenuates high frequencies, which
rounds off the steep crests in Fig. 2. In Fig. 4, the starting
criterion and discrimination criteria based on the voltage are
also plotted.
1) Fault detection: The undervoltage threshold discrimi-
nates faulted operation from normal operation. The threshold
can in theory be set to the minimal allowed voltage during
normal operation. As an example, the undervoltage threshold
has been set to 85% of the nominal voltage (320 kV) in Fig. 4.
2) Fault discrimination: For the discrimination stage, the
thresholds for the voltage derivative and undervoltage criterion
can in theory be set to the minimum values occuring for a solid
fault at F2, as shown in Fig. 4:(
dU
dt
)
<,1
= min
(
dUF2
dt
)
(9)
U<,1 = UF2,tdet+tdiscr , (10)
in which UF2 is the voltage measured at the relay for a fault F2
at the remote bus. Fig. 4 visualizes these thresholds by showing
the voltage-voltage derivative pairs in function of time. The dot
markers indicate samples taken at a sampling frequency of 100
kHz, starting from fault detection. For faults F1, the density
of the markers indicates that only a limited amount of samples
is available at which the magnitude of the voltage derivative
is high. The time tdiscr for the undervoltage criterion has been
taken as 100 µs, which corresponds to the tenth sample after
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Fig. 5. Voltage threshold in function of inductor value and grid topology.
fault detection, indicated by the square marker. A longer time
tdiscr or a lower sampling frequency leads to a less sensitive
protection scheme.
C. Sensitivity analysis
To demonstrate the validity of the protection scheme, a sen-
sitivity analysis is performed towards protection thresholds and
sensitivity towards fault resistance. The considered parameters
are series inductor value L, grid topology at bus (by varying
the number of cables n in Fig. 3(I)) and cable length l.
1) Protection thresholds: The thresholds for the undervolt-
age and voltage derivative criterion are shown in Figs. 5
and 6 for various inductor values and grid topologies. The
selected cable length is 200 km. Both undervoltage and voltage
derivative criterion show the same trend when changing the
inductor value. This is due to the almost constant voltage
derivative of faults in the second zone (Fig. 4).
The variation of the thresholds with inductor value is limited
and decreases with increasing inductor value. Moreover, the
maximum frequency in a voltage wave at R for a fault F2 is
6TABLE I
GRID AND CONVERTER PARAMETERS
Dc voltage (pole-to-ground) Udc,ptg 320 kV
Inductor Size L 25 mH
Cable length l 200 km
Number of cables at bus n 2
Number of cables at bus m 2
F1 resistance 10 Ω
F2 resistance 0 Ω
Cconv 175.8 µF
Lconv 0.0383 mH
Rconv 0.295 Ω
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Fig. 6. Voltage derivative threshold in function of inductor value and grid
topology.
determined by the cable attenuation. For large inductors, the
filtering effect of the inductor is thus cancelled out by cable
attenuation. The effect of grid topology (shown by varying
the number of cables n in part I of the grid of Fig. 3) is
limited and also diminishes with increasing inductor value. As
an important consequence, the inductors decouple the faulted
line from the remainder of the grid in terms of traveling waves.
The sensitivity analysis thus shows that the series inductors
enable to determine protection thresholds that are almost fully
independent from grid topology.
2) Fault resistance: To investigate the sensitivity of the
protection scheme towards fault resistance, the maximum fault
resistance for faults F1 that can be discriminated from solid
faults F2 is plotted as function of inductor value and cable
length in Fig. 7. Increasing the fault resistance diminishes
the wave amplitude of Ufault,F1 for all frequencies, as shown
in (3). Consequently, the voltage derivative as seen by the relay
diminishes and the voltage drop is lower, leading the loci of the
voltage/voltage derivative closer to the second zone (Fig. 4).
Discrimination of faults F1 from a solid fault F2 becomes
more difficult for larger fault resistances of F1.
For a given cable length, the maximal fault resistance
increases with increasing inductor value. The cable length
also influences the maximal fault resistance. This is due to
the attenuation of the high frequencies of a traveling wave
on a cable. The longer the cable is, the more frequencies are
attenuated. Therefore, the filtering effect of the inductor at
the end of the cable relatively diminishes with respect to the
TABLE II
CABLE PARAMETERS
Outer radius [mm] ρ [Ωm] rel [-] µrel [-]
Copper Core 19.5 1.7e-8 - 1
XLPE Insulation 48.7 - 2.3 1
Lead Sheath 51.7 2.2e-7 - 1
XLPE Insulation 54.7 - 2.3 1
Armor 58.7 1.8e-7 - 10
XLPE Insulation 63.7 - 2.3 1
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Fig. 7. Maximum fault resistance for given thresholds in function of inductor
value and three cable lengths l.
filtering effect of the cable with increasing cable length.
V. CASE STUDY
In this section, a case study using a detailed test system
implemented in PSCAD is performed to demonstrate the
validaty of the results obtained by the reduced grid model.
A. Test System
The test system for the case study is the four bus meshed test
system described in [33] and shown in Fig. 8. This four bus test
system represents an offshore meshed HVDC grid connecting
two offshore wind farms to two onshore ac networks.
The converters in the model are half-bridge modular mul-
tilevel converters modeled by a continuous model with IGBT
blocking capability [34]. The nominal power is 900 MW for
converters 1 to 3 and 1200 MW for converter 4. The converter
IGBTs are blocked if the current exceeds a value of 2.2 kA. An
inductor of 10 mH is inserted between converter and dc bus
to filter out converter noise. The cable geometry and material
parameters are the same as in Table II, whereas cable lengths
are indicated in the Fig. 8.
The system of [33] has a symmetric monopolar config-
uration with a pole-to-pole voltage of 640 kV. The faults
that are applied in this system are pole-to-pole faults with
a connection to ground, whereas the fault resistance has
been equally divided between positive and negative pole. For
the simulations of the detailed model, the positive pole-to-
ground voltage and the positive pole-to-ground resistance are
shown. This enables a direct comparison of the results of the
simulations of the detailed model against the reduced grid
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Fig. 8. Four bus test system with faults indicated.
model with converter parameters given in Table Iand pole-
to-ground voltage of 320 kV. The converter parameters have
been calculated for the converters in [31] and transformed to
parameters for the equivalent asymmetric system.
Hybrid HVDC breakers in series with an inductor are
included at the end of each cable. These breakers insert a
countervoltage after a certain delay due to opening of the
mechanical switch [35]. To incorporate these effects, the
breakers are modeled as an ideal switch that opens with a delay
of 2 ms, in parallel with a surge arrester that inserts a voltage
of 480 kV [9]. The size of the series inductors is determined
by the current interruption capability and interruption time.
These values are fixed to 20 mH and 40 mH, respectively
corresponding to a fault current rate of rise of 10 kA/ms and
6 kA/ms.
As starting situation, converters 1 and 2 both inject 700 MW
whereas converters 3 and 4 are in rectifying mode, respectively
absorbing 600 and 800 MW. The faults studied in the circuit
are faults F1 and F2, respectively occuring at the end of cable
13 and at bus 3.
B. Comparison with detailed model
Fig. 9 shows the voltage and voltage derivative at relay
R13 for faults F1 and F2 (fault resistances of 60 and 0 Ω),
obtained by the reduced grid model and the detailed PSCAD
simulation. Qualitatively, the waveforms obtained by both
models correspond well. Table III shows a comparison of
the thresholds predicted by the reduced model with the ones
obtained by the detailed model. The relative errors between
thresholds obtained by both models do not exceed 0.5%, which
confirms the suitability of the reduced model to determine
protection thresholds.
Table III further enlists the protection thresholds for both
models for the 40 mH case. This case also supports the
suitability of the reduced model to determine the protection
thresholds, with relative errors below 0.2% compared to the
detailed model.
C. Time Domain Results
The proposed protection scheme has been fully imple-
mented in PSCAD for testing with the detailed model. For this
test, a 20 mH series inductor is used. A fault F1 of 60 Ω is
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Fig. 9. Comparison of results of reduced grid model with PSCAD model for
faults F1 (60 Ω) and F2 (0 Ω).
TABLE III
THRESHOLDS FOR REDUCED GRID MODEL AND PSCAD MODEL
Inductor Threshold Red. Model PSCAD Rel. error
20 mH U<,1 [pu] 0.7110 0.7110 0.0042%(
dU
dt
)
<,1
[kV/ms] -461.4483 -463.5521 0.4539%
40 mH U<,1 [pu] 0.7640 0.7639 0.0160%(
dU
dt
)
<,1
[kV/ms] -278.0237 -278.4370 0.1485%
applied at the end of cable 13 to analyze the protection scheme
for dependability, as this is the worst case for detection. A solid
fault at bus 3 is applied to check the security of the protection
of cable 13.
Fig. 10 shows the voltages and currents at relays R13 and
R31 for fault F1 of 60 Ω (Fig. 8). The fault occurs at 2 ms
and directly affects the voltage and current at relay R13. The
fault is detected immediately, tdet is 0, and discriminated after
the fixed time tdiscr of 100 µs. Due to the breaker delay fault
clearing starts 2 ms later, causing the voltage to increase and
the current to decrease at 4 ms. By contrast, it takes 1.09
ms for the fault to reach relay R13 due to the traveling wave
delay over the cable. The time for fault detection, tdet is 10
µs. Together with the fault discrimination time of 100 µs, the
breaker is tripped 0.11 ms after the fault reaches the relay.
In conclusion, the total time until fault current interruption is
2.11 ms and the fault is cleared by the breaker associated to
R13 3.2 ms after fault inception.
For the fault F2 at bus 3, the protections that are triggered
are shown in Table IV. Relay R13 sees a forward fault but the
undervoltage and voltage derivative criterion indicate a fault
outside the first protection zone. For relay R31, closest to the
fault, the directional criterion based on the current derivative
inhibits tripping of the breaker.
VI. CONCLUSION
The non-unit protection scheme for cable-based HVDC
grids makes use of voltage magnitude and derivative to dis-
criminate forward faults and current derivative to discriminate
forward from backward faults. By plotting the locus of the
voltage magnitude and derivative, the open protection zones
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Fig. 10. DC fault voltages and currents for a pole-to-pole fault F1 of 60 Ω.
TABLE IV
PROTECTIONS TRIGGERED
F1 (60 Ω) F2 (0 Ω)
Relay U<,1
(
dU
dt
)
<,1
Dir. U<,1
(
dU
dt
)
<,1
Dir.
R13 1 1 1 0 0 1
R31 1 1 1 1 1 0
can be clearly determined in the voltage/voltage derivative
plane. These protection zones are defined based on the in-
ductive termination of the cables. Furthermore, an efficient
method for determining the protection thresholds is provided.
This method is obtained by reducing the HVDC grid model
to only the faulted cable and its adjacent terminals.
A sensitivity analysis of the protection thresholds demon-
strates the validity of the protection scheme for a large range
of parameters. First, the protection thresholds are insensitive
towards grid topology, due to the presence of series inductors
which largely reflect the voltage wave. Second, the protection
scheme remains valid even for low series inductor values
or large cable lengths although sensitivity of the protection
scheme towards fault resistance decreases. Nonetheless, faults
with a significant fault resistance can be discriminated from
second zone faults even for low inductor sizes.
Finally, a comparison of thresholds obtained with the re-
duced model against thresholds obtained by simulation with
a detailed model in PSCAD justifies the use of the re-
duced model to determine protection thresholds. A case study
in PSCAD furthermore shows that the proposed protection
scheme can reliably detect and discriminate faults in the
HVDC grid.
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